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Abstract

Casitas B-lineage lymphoma (CBL) encodes an adaptor protein with E3-ligase activity nega-

tively controlling intracellular signaling downstream of receptor tyrosine kinases. Somatic

CBL mutations play a driver role in a variety of cancers, particularly myeloid malignancies,

whereas germline defects in the same gene underlie a RASopathy having clinical overlap

with Noonan syndrome (NS) and predisposing to juvenile myelomonocytic leukemia and

vasculitis. Other features of the disorder include cardiac defects, postnatal growth delay,

cryptorchidism, facial dysmorphisms, and predisposition to develop autoimmune disorders.

Here we report a novel CBL variant (c.1202G>T; p.Cys401Phe) occurring de novo in a sub-

ject with café-au-lait macules, feeding difficulties, mild dysmorphic features, psychomotor

delay, autism spectrum disorder, thrombocytopenia, hepatosplenomegaly, and recurrent

hypertransaminasemia. The identified variant affects an evolutionarily conserved residue

located in the RING finger domain, a known mutational hot spot of both germline and

somatic mutations. Functional studies documented enhanced EGF-induced ERK phosphor-

ylation in transiently transfected COS1 cells. The present findings further support the asso-

ciation of pathogenic CBL variants with immunological and hematological manifestations in

the context of a presentation with only minor findings reminiscent of NS or a clinically

related RASopathy.
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1 | INTRODUCTION

The Casitas B-lineage lymphoma proto-oncogene (CBL; MIM

#165360) encodes a widely expressed RING finger E3 ubiquitin ligase

involved in the control of cell response to growth factors, hormones,

and cytokines (Dikic & Schmidt, 2007; Joazeiro et al., 1999;

Swaminathan & Tsygankov, 2006). CBL has a complex role in intracel-

lular signaling by negatively controlling the activity of receptor

tyrosine kinases (RTKs) targeting their degradation, and positively

modulating signal flow through its adaptor function (Ogawa

et al., 2010). Somatic CBL mutations occur in myeloid malignancies,

particularly juvenile myelomonocytic leukemia (JMML; MIM
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#607785), and are commonly found as homozygous defects, as a

result of acquired uniparental isodisomy of chromosome 11q23 (Hecht

et al., 2022; Kales et al., 2010). In 2010, our group and others identified

germline heterozygous CBL variants in patients affected by a developmen-

tal disorder resembling, in part, Noonan syndrome (NS; MIM #PS163950)

and predisposing to JMML and cerebral vasculitis (CBL mutation-

associated syndrome [MIM #613563]) (hereafter, CBL syndrome)

(Martinelli et al., 2010; Niemeyer et al., 2010; Pérez et al., 2010). This con-

dition is also characterized by a predisposition to develop autoimmune dis-

orders (Ali et al., 2020; Guey et al., 2017; Niemeyer et al., 2010; Wiel

et al., 2020). Due to the impact of CBLmutations on RAS-MAPK signaling,

CBL syndrome is listed among the RASopathies, a family of developmental

disorders that share upregulation of this signaling pathway as a common

pathogenic mechanism (Tartaglia & Gelb, 2010).

In contrast to what has been observed for other genes mutated in

RASopathies and cancer (e.g., PTPN11, KRAS, NRAS, BRAF), the molecular

spectra of somatic and germline CBL variants largely overlap. The vast

majority of disease-causing mutations are in-frame splice site variants or

missense changes affecting the RING finger domain or the linker helix

region (LHR) linking this domain to the N-terminal tyrosine kinase binding

(TKB) domain. Consistent with data collected on somatic mutations

occurring in cancer (Martinelli et al., 2012; Sanada et al., 2009; Sargin

et al., 2007), upregulation of the RAS-MAPK and PI3K-AKT signaling cas-

cades associated with germline variants results from a dominant-negative

behavior on CBL-mediated RTKs ubiquitination (Belizaire et al., 2022;

Martinelli et al., 2010, 2015; Niemeyer et al., 2010).

CBL syndrome is characterized by wide phenotypic heterogeneity

and variable expressivity. Here, we report a novel germline CBL variant

identified in a subject presenting with minor signs of NS and mostly char-

acterized by hematological and immunological manifestations. Functional

studies revealed upregulation of the RAS-MAPK signaling pathway.

2 | METHODS

As detailed in the Supplements, the index patient was enrolled at

the Stanford Center for Undiagnosed Diseases in the frame of

the Undiagnosed Diseases Network (UDN) program. Genome sequenc-

ing was performed as described (Borja et al., 2022). The structure of

CBL complexed with a substrate peptide (PDB 4A49) (Dou et al., 2012)

was used to predict the functional relevance of Cys401. The c.1202G>T

change was introduced in the CBL cDNA by site-directed mutagenesis.

Constructs were transiently transfected into COS-1 cells, and ERK and

AKT phosphorylation was evaluated basally and following EGF stimula-

tion, as previously described (Martinelli et al., 2010, 2012).

3 | RESULTS

3.1 | Clinical report

The patient is a 5-year-old male born at 37 weeks to nonconsanguineous

parents. Growth parameters at birth were: weight 2.6 kg (7th centile),

length 47.5 cm (18th centile), head circumference 32 cm (4th centile).

Within the first few months of life, he developed severe feeding diffi-

culties and recurrent hypertransaminasemia (aspartate transaminase

154–252 U/L, reference values: 8–60 U/L at 1 year [reference range

is not established for individuals <1 year]; alanine transaminase

310–363 U/L, reference values: 30–65 U/L). He had two episodes of

significant thrombocytopenia, the first at 10 months of age in the set-

ting of fever (platelet count: 131 TH/mm3; ref. 150–400 TH/mm3),

and the second at 22 months in the setting of hepatitis (platelet

count: 130 TH/mm3) after cephalexin therapy for periorbital cellulitis.

Bone marrow studies did not provide any evidence of malignancy,

even though a transient monocytosis/JMML-like disorder could not

be ruled out. An investigation into immunologic abnormalities, due to

prolonged cytomegalovirus (CMV) infection during the first year of

life, was unremarkable. He also had a history of frequent illnesses and

intermittent petechial rash. Concerns about developmental delay

(DD) were first raised at 8–9 months of age when he was not sitting

up. He walked at 18 months of age and spoke his first word at

2 years. He was diagnosed with autism spectrum disorder (ASD) at

2 years. At that age, abdominal ultrasound showed mild hepatosple-

nomegaly. There was no concern for seizures, and no cerebrovascular

findings or other abnormalities were noted by brain magnetic reso-

nance imaging (MRI). Currently, he still has difficulties with speech

and his expressive language is significantly behind his receptive

language.

Physical examination was notable for the presence of multiple

café-au-lait macules that continued to increase in number over time

(seven typical, neurofibromatosis type I [NF1]-like spots with a diame-

ter >0.5 cm at 4 years 5 months), epicanthal folds, and a low anterior

hairline. No other features and signs reminiscent of NS were noted,

including hypertelorism, ptosis, down-slanting palpebral fissures, low-

set/posteriorly rotated ears, and wide nasal bridge, as well as skeletal

and cardiac defects. Growth parameters at 4 years 5 months were:

height 112 cm (93rd centile) (mother, 174 cm; father, unknown);

weight 22.5 kg (97th centile). At 3 years 11 months, head circumfer-

ence was 50.5 cm (38th centile). Ophthalmology and audiology evalu-

ations were normal. Metabolic work up was unremarkable.

3.2 | Molecular findings

Trio-based clinical genome sequencing identified a heterozygous vari-

ant in the CBL gene, c.1202G>T (RefSeq NM_005188.4), predicting

the p.Cys401Phe amino acid substitution. No other clinically relevant

variants were identified. The missense substitution was not observed

in either parental sample, supporting its de novo origin (Figure S1).

Since this change was not reported in the Genome Aggregation

Database (gnomAD, https://gnomad.broadinstitute.org/), nor has it

ever been identified as a somatic event in cancer (COSMIC database,

https://cancer.sanger.ac.uk/cosmic) or as a published germline event

in CBL syndrome, it was initially considered a variant of uncertain

significance, and the clinical features of the patient were not consid-

ered as fitting the phenotypic spectrum associated with pathogenic
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CBL variants to establish a definite diagnosis. However, based on the

evidence that Cys401 lies in the RING finger domain, a well-known

mutational hotspot in CBL, and that other substitutions involving the

same residue had been reported as somatic events in cancer

(Muramatsu et al., 2010; COSMIC database), the variant was

re-evaluated through the UDN and considered as “likely pathogenic,”
according to the ACMG criteria (Richards et al., 2015).

3.3 | Functional validation analyses

CBL is characterized by an N-terminal SH2-containing TKB domain,

followed by the LHR and RING domain, a proline-rich region and a C-

terminal portion mediating dimerization and protein–protein interactions

(Schmidt & Dikic, 2005; Swaminathan & Tsygankov, 2006). The TKB

domain mediates substrate specificity by binding to proteins containing

phospho-tyrosine motifs, while the LHR and RING domains play a major

role in mediating target ubiquitination. Mutations within the LHR and

RING domain, as those observed in patients with CBL syndrome or

JMML, abrogate CBL's E3 activity (Martinelli et al., 2010; Niemeyer

et al., 2010; Pérez et al., 2010). Specifically, phosphorylation of Tyr371, a

CBL mutational hot spot, within the LHR regulates E3 activity by pro-

moting LHR conformational changes that allow the release of the

basally autoinhibited conformation of the protein (Dou et al., 2012).

The structure of the RING domain is stabilized by two zinc atoms that

are coordinated by seven cysteine residues and a single histidine resi-

due (Figure 1a). Mutations affecting these residues have been demon-

strated to affect the proper folding of the domain and CBL function

F IGURE 1 Structural and functional consequences of the p.Cys401Phe change in Casitas B-lineage lymphoma (CBL). (a) Location of Cys401

within the RING domain of CBL (PDB 4A49). The four residues (Cys381, Cys384, Cys401, Cys404) coordinating the first zinc atom (green), and those
(Cys396, His398Cys416, Cys419) coordinating the second zinc atom (red) are shown. The mutated residue, Cys401, is highlighted in yellow. Its
substitution is predicted to affect the proper folding of the domain. (b) Functional consequences of p.Cys401Phe on intracellular signaling. AKT
and ERK phosphorylation assays in COS-1 cells transiently expressing the CBL p.Cys401Phe and p.Arg420Gln mutants, or the wild-type protein.

Protein phosphorylation (pAKT, Cell Signaling, #9271; pERK1/2, Cell Signaling, #9106) was evaluated basally or following EFG stimulation
(100 ng/mL; 30 min). Equal amounts of cell lysates were resolved on 10% polyacrylamide gel. β-Actin (Sigma-Aldrich, #A5316) and CBL (anti-HA-
HRP, Roche, #12013819001) levels are also shown for equal protein expression and loading. Representative blots of four independent
experiments are shown. (c) Activation of AKT and ERK1/2 is expressed as a multiple of basal activation in cells transfected with wild-type CBL.
Mean densitometry values ± SD of the four independent experiments are shown. Asterisks indicate significant differences compared with wild-
type CBL at the corresponding time point, basally or upon EGF stimulation (**p < 0.01; ***p < 0.001; two-way analysis of variance followed by
Tukey's multiple comparison test). A single letter code is used to specify amino acid substitutions.
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(Ota et al., 2000). As shown, Cys401 is one of these key residues that

stabilize the RING domain contributing to the coordination of one of

the zinc atom. Based on these considerations, the Cys-to-Phe substi-

tution was predicted to affect the proper folding of the domain and

CBL function.

To validate the predicted impact of the p.Cys401Phe amino acid

substitution on CBL function, COS-1 cells were transiently trans-

fected with the HA-tagged CBLWT, CBLC401F and CBLR420Q con-

structs, the latter included as representative of a CBL mutant that

behave in a dominant-negative manner (Dunbar et al., 2008; Martinelli

et al., 2010; Sargin et al., 2007). Similar to what has been observed for

the CBLR420Q mutant, albeit to a lower extent, western blot analysis

showed enhanced EGF-induced ERK phosphorylation in cells overex-

pressing HA-CBLC401F compared with cells expressing wild-type CBL

(Figure 1b,c), validating a pathogenic role for this amino acid substitu-

tion. No gross effect of this mutant on AKT phosphorylation was

noted.

4 | DISCUSSION

Protein ubiquitination is a post-translational reversible modification

controlling a wide array of cellular processes, including signal trans-

duction (Pickart & Eddins, 2004). In the context of RAS signaling, it is

a well-recognized event contributing to signaling switch-off that

is operated at different levels (Tartaglia et al., 2022). Different from

LZTR1, which operates in a multi-protein complex implicated in the

control of RIT/RAS function (Bigenzahn et al., 2018; Castel

et al., 2019; Motta et al., 2019; Steklov et al., 2018), CBL is a single-

RING E3 ubiquitin ligase that negatively regulates multiple cell surface

RTKs, promoting their ubiquitination and subsequent degradation by

the proteasome or via endocytosis. By functioning as an adaptor, CBL

has also been reported to act as a positive regulator of signaling eli-

cited by RTKs. Extensive studies demonstrated that E3 activation is

required for RTKs ubiquitination (Martinelli et al., 2012; Niemeyer

et al., 2010; Saettini et al., 2022; Thien et al., 2001). Multiple lines of

evidence support the view that RASopathy- and leukemia-associated

mutations affect CBL function and RTKs ubiquitination by impairing

the E3 catalytic activity of the protein. The newly identified patho-

genic variant (c.1202G>T; p.Cys401Phe) further supports this concept

as it affects a residue located in the RING finger domain that has a

crucial role in the maintenance of proper folding of this domain, and

whose substitution results in an upregulation of the RAS-MAPK sig-

naling cascade.

CBL syndrome is a highly variable condition accounting for <1%

of subjects with some clinical features reminiscent of NS (Martinelli

et al., 2010, 2015; Niemeyer et al., 2010; Pérez et al., 2010). Mild

facial dysmorphisms, variable cardiac defects, ectodermal and muscu-

loskeletal anomalies, DD and intellectual disability, brain MRI findings,

and predisposition to JMML and cerebral vasculopathies characterize

this condition. Different from the general NS population, CBL

mutation-positive patients exhibit a lower prevalence of short stature

(length below the 3rd centile; �30% vs. �90%) (Martinelli et al., 2015;

Roberts et al., 2013), similar to what has been reported in individuals

with SOS1/SOS2 mutations (Cordeddu et al., 2015; Lepri et al., 2011).

In line with this observation, growth parameters of the present subject

were in the upper end of the normal range. Besides few typical fea-

tures of NS, the proband showed some unusual findings, including

ASD, JMML-free hepatosplenomegaly, recurrent infections, and

hypertransaminasemia.

A large fraction of subjects harboring a germline CBL variant

experience hematological and immunological problems (Roberts

et al., 2013; Saettini et al., 2022). Hepatosplenomegaly, which is gen-

erally associated with JMML because of infiltration of leukemic cells

into spleen and liver, may occur in CBL syndrome even in the absence

of a clear myeloproliferative/myelodysplastic disorder (Ali et al., 2020;

Becker et al., 2014; Coe et al., 2017; Leardini et al., 2022). In these

individuals, however, as well as in the present subject, a subclinical

episode of monocytosis or JMML-like myeloproliferative condition

during infancy with spontaneous resolution cannot be ruled out.

Germline CBL variants also predispose to a number of immunological

issues, including autoimmune thrombocytopenia, rheumatoid arthritis,

uveitis, and hemophagocytic syndrome secondary to EBV infection

(Becker et al., 2014; Hadjadj et al., 2019; Pathak et al., 2015; Strullu

et al., 2013; Tejwani et al., 2019; Wiel et al., 2020). A clinical overlap

with autoimmune lymphoproliferative syndrome and B-cell expansion

with NF-κB and T-cell anergy syndrome has been reported in some

patients (Seaby et al., 2017), as well as the occurrence of early-onset

moyamoya angiopathy (Guey et al., 2017). In this context, the throm-

bocytopenia and the recurrent hypertransaminasemia here observed

may be of autoimmune origin, although we cannot exclude that ele-

vated liver enzymes could be related to prolonged CMV infection in

the first year of life. Finally, the prevalence of ASD in NS and other

RASopathies is higher than expected (Adviento et al., 2014; Alfieri

et al., 2014; Garg et al., 2017), which is not surprising given the role of

the RAS-MAPK pathway in neurodevelopment (Garg & Green, 2018;

Kim & Baek, 2019; Vithayathil et al., 2018).

In conclusion, the present findings further highlight that a clini-

cally relevant CBL gene variant may be suspected in individuals with

hematological and immunological manifestations in the presence of

only minor signs of NS/RASopathy.
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